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THE RICHMOND AND GREENWICH SLICES OF THE

HAMBURG KLIPPE IN EASTERN PENNSYLVANIA—

STRATIGRAPHY, SEDIMENTOLOGY, STRUCTURE,
AND PLATE TECTONIC IMPLICATIONS

By GARY G. LASH! and AVERY ALA DRAKE, JR.

ABSTRACT

Taconie-type klippen, such as those in the northern and mari-
time Appalachians, are also characteristic of the Taconides of the
central Appalachians. One such body of rock, the Hamburg klippe,
anomalous with respect to the age and lithology of its surroundings,
has long been recognized in the Great Valley of east-central
Pennsylvania.

The Hamburg klippe is bounded on the southeast by the parau-
tochthonous rocks of the Lehigh Valley sequence of Cambrian and
Ordovician age. The carbonate rocks of this sequence were deposited
on the southeast-facing shelf of the North American Continent and,
with the underlying Proterozoic Y basement, were deformed into
the Musconetcong nappe system during the Taconic orogeny. Rocks
of the parautochthonous nappe system were thrust onto the klippe
during the Alleghanian orogeny. To the north, the klippe is in fault
contact with both the Shochary Ridge sequence of Ordovician age
and the Shawangunk Formation of Late Ordovician(?) or younger
age.

Recent detailed mapping at the eastern end of this klippe,
between the Schuylkill River and Kutztown in eastern Pennsyl-
vania, has led to the recognition of two stratigraphically and strue-
turally different slices. The lower Greenwich slice consists of rocks
of the Windsor Township Formation. The Windsor Township is a
Middle Ordovician flysch sequence that contains various-sized
bodies of Lower Ordovician chert, deepwater limestone, and varie-
gated shale. The Windsor Township (about 6,215 m thick) consists of
three members: (1) the Weisenberg (1,740 m thick), a gray-green
shale unit that contains local conglomerate beds; (2) the Switzer
Creek (815 m thick), a graywacke- gray-greenshale unit that con-
tains local pebble conglomerate; and (3) the Dreibelbis (3,660 m
thick), a graywacke-gray-green shaleunit. The sedimentology and
stratigraphy of these rocks suggest that the graywacke units (Drei-
belbis and Switzer Creek) were deposited as channel-axis grain-
flow and turbidite sediments and as interchannel turbidite sedi-
ments, whereas rocks of the Weisenberg (the shale unit) were
deposited as levee and open-fan muds adjacent to the channels. The
rocks of the Windsor Township Formation were deposited in the
middle-fan area of a large submarine fan, which had a continental
source to the southeast. The older lenticular bodies of chert, deep-
water limestone, and variegated shale are not restricted to any
particular member but are found throughout the Windsor Town-
ship. These rocks probably were deposited in an abyssal environ-
ment that received periodic influxes of terrigenous material. They
were emplaced later into the younger fan deposits.

The upper Richmond slice contains rocks of the Virginville
Formationof Late Cambrian and Early Ordovician age. This unitis
divided into three members: (1) the Sacony (245 m thick), consisting
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of olive-green siltstone and shale; (2) the Onyx Cave (90 m thick),
consisting of massive to laminated calcarenite, ribbon limestone,
massive carbonate-clast conglomerate, and interlaminated black
shale and orange dolostone; and (3) the Moselem (230 m thick),
consisting of well-cleaved black and green argillite and mudstone
and lesser proportions of ribbon limestone and carbonate-clast con-
glomerate. The Onyx Cave conformably overlies the Sacony, and
both tectonically overlie the Moselem. The sedimentology and stra-
tigraphy of these rocks suggest that (1) they were deposited near the
base of a northwest-facing slope and (2) the Moselem is a distal
equivalent of the Onyx Cave and was deposited to the northwest of it.
We suggest that the rocks of the Virginville were deposited on a
northwest-dipping slope adjacent to a shallow-water carbonate
shelf. Subsequent to deposition, northwest-directed thrust faulting
brought the Sacony and Onyx Cave over the Moselem.

The rocks of the Hamburg klippe record the effects of three
phases of deformation. Folds related to the first and third phases
trend east-northeast to east-southeast and, generally speaking, are
differentiated only where overprinting is recognized. The second
deformation phase produced folds that trend northeast. Faults
within the Greenwich and Richmond slices range from steeply to
moderately dipping upthrusts to subhorizontal thrust faults and
typically are not well exposed. The contact between the Richmond
and Greenwich slices is a thrust fault marked by slivers of Green-
wich slice rocks tectonically mixed into the lower part of the Rich-
mond slice.

Rocks in the Richmond slice and the parautochthon deformed
differently than those in the Greenwich slice. The less competent
rocks of the Richmond slice and surrounding parautochthon contain
a slaty cleavage that is axially planar to folds formed during the
first deformation (D:). The rocks of the Greenwich slice generally
lack this cleavage but exhibit a scaly cleavage or a poorly developed
fracture cleavage consisting of a group of intersecting fracture
planes generally subparallel to bedding that formed prior to Di. The
fabric of these rocks is similar to that of tectonic mélanges formed
by mechanical fragmentation and mixing.

Resultsobtained in the present study, combined with data from
other investigations within the Pennsylvania Great Valley, are con-
sistent with a plate tectonic model that involves late Proterozoic
rifting leading to the development of a marginal basin separating
the North American craton from a microcontinent to the southeast.
In Cambrian to early Middle Ordovician time, carbonate shelves
developed on both the eraton and microcontinent. The Virginville
Formation was deposited on the lower slope adjacent to the shelf of
the microcontinent. Southeast-dipping subduction of the North
American eraton, as well as any oceanic crust that may have lain to
the southeast of it, beneath the microcontinent began in late Early
Ordovician to early Middle Ordovician (Chazyan) time. Subduction
was accompanied by (1) trench sedimentation of the flyschoid rocks
of the Windsor Township Formation, (2) off-scraping and gravity
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emplacement of the approaching older abyssal sediments, and (3)
subduction-related deformation of all rocks of the Greenwich slice.
The marginal basin was essentially closed by late Blackriveran to
early Rocklandian time. Because the thick, buoyant continental
crust of North America was unable to subduct beneath the micro-
continent, the eastern margin of the North American craton was
uplifted, exposing the miogeoclinal cover (Black River hiatus). At
this time, deposition of the Jacksonburg Limestone and Martinsburg
Formation exogeoclinal sequences began in response to uplift to the
southeast. Stress continued to build up along the contact of the two
plates during Rocklandian to Kirkfieldian time. Consequently,
slices of continental basement from the eastern margin of North
America were detached along southeasterly dipping ductile shear
zones and were thrust into the overlying miogeoclinal sediments,
resulting in the formation of a nappe system. The Richmond slice
probably wasthrust onto the Greenwich slice, and both were super-
posed on the forming nappe pile at this time of extreme crustal
convergence. Continued northwest-directed movement of the nappes
and Hamburg klippe during Shermanian time was followed by
detachment of the allochthon from the advancing nappe pile and,
finally, by its emplacement into the developing Martinsburg fore-
deep to the northwest.

INTRODUCTION

A large klippe consisting of several stacked slices
is a major tectonic feature of the Taconide zone in the
northern Appalachians(Zen, 1972). Taconic-type klip-
pen are characteristic also of the Great Valley of the
central Appalachians in New Jersey and especially
eastern Pennsylvania (Drake, 1980). The eastern end
of the largest klippe in Pennsylvania, the Hamburg
klippe (Stose, 1946), was studied in the Kutztown and
Hamburg 7%-minute quadrangles and surrounding
areas (fig. 1).

These quadrangles lie along the northern side of
the Great Valley of eastern Pennsylvania. There, the
Great Valley is bounded on the north by quartzites of
Late Ordovician(?) to Silurian age that hold up Blue
Mountain of the Appalachian Valley and Ridge. On
the south, the Great Valley is bounded by the Protero-
zoic Y rocks of the Reading Prong.

This paper describes, in detail, the stratigraphy,
sedimentology, and structure of the rocks of the eastern
end of the Hamburg klippe and speculates on the
depositional environments and the plate tectonic im-
plications of these rocks.

PREVIOUS WORK

Allochthonous rocks in the Great Valley of Penn-
sylvania were recognized by Stose (1946, 1950a, b),
Stose and Jonas (1927), and Kay (1941). These noted
similarities between these rocks and rocks of the
Taconic sequence of New York and New England.

Stose (1946) referred to these rocks as the “Hamburg
klippe.” Proponents of the Hamburg klippe maintained
that the rocks are lithologically different and older
than the surrounding Martinsburg Formation.

Despite the arguments of Stose, Kay, and other
geologists, Gray and Willard (1955) asserted that the
variegated shale and associated rocks are facies equiv-
alents of the parauthochthonous Martinsburg For-
mation and are notallochthonous. In addition, McBride
(1962) in his study of the Martinsburg in New Jersey,
Pennsylvania, and Virginia, recognized no allochtho-
nous rocks.

In the late 1960’s and early 1970’s, several geolo-
gists studied the Hamburg klippe. Field studies by
Myers (1969) and Platt and others (1972) showed that
there are, indeed, allochthonous elements within the
Great Valley. These studies, supported by faunal evi-
dence, have shown that the rocks of the Hamburg
klippe are older than the surrounding Martinsburg
Formation. An Early Ordovician age for the klippe
rocks was indicated.

Root (1977) and Root and MacLachlan (1978) dis-
cussed the stratigraphy and structure of the western
end of the Hamburg klippe. Recently, Lash (19804, b)
and Kodama and Lash (1980) have described a plate
tectonic model for the emplacement of the Hamburg
klippe.

GEOLOGIC FRAMEWORK

In the Kutztown quadrangle, the rocks of the
Hamburg klippe are thrust to the north onto the Sho-
chary Ridge sequence (Lyttle and Drake, 1979) of
interbedded graywacke and shale of Middle to Late
Ordovician age (Wright and others, 1978, 1979). The
allochthonous rocks in the Hamburg quadrangle are
in fault contact with the clastic Upper Ordovician(?)
and Lower and Middle Silurian rocks of the Shawan-
gunk Formation and Upper Ordovician and Lower
Silurian(?) rocks of the Spitzenberg Conglomerate of
Whitcomb and Engel (1934). These rocks mark the
southern boundary of the Valley and Ridge in the area
of study. The allochthonous rocks are bounded to the
south by parautochthonous rocks of the Lehigh Valley
sequence, the contact being the Kutztown thrust, a
gently southeast-dipping fault.

The Lehigh Valley sequence (MacLachlan, 1967)
consists of the Allentown Dolomite, Beekmantown
Group, Jacksonburg Limestone, and Martinsburg For-
mation (fig. 2). These rocks form the cover sequence of
some of the nappes of the Reading Prong nappe meg-
asystem of Drake (1978), asystem of crystalline-cored,
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TABLE 1.—Modal analyses of gramcackes from the Windsor Township Formation
[3.9.12, 13, 14, and 18, Switzer Creek Member; all others, Dreibelbis Member. A minimum of 400 points counted per section]

Sample numbers

Constituent

1 2 3 1 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Quartz ... 35.6 39.8 43.6 46.8 49.9 46.1 36.9 26.9 23.0 47.9 38.4 38.6 25.4 43.5 46.6 52.6 36.6 46.7
Plagioclase ... 3.4 2.2 22 3.3 1.7 9 1.9 2.7 2.0 2.2 7.2 2.5 b 1.9 13 1.7 2 12
Potassium feldspar ... 4 5 0.0 2.0 5 i .9 1.3 7 2.1 2.9 5 0.0 1.0 5 5 T 2
Rock fragments ... . 5.5 2.5 9.6 6.0 14 3.8 1.9 4.2 5.5 7.3 6.2 3.4 0.0 N 3.8 3.6 10.5 9
Carbonate _..... . 4.7 11.0 2.0 0.0 10.3 6.6 5.1 10.5 6.7 9.3 23.0 2.6 19.0 8.6 7.3 7.6 10.8
Opaques ... 1.5 1.3 2 1.2 1.0 5 4 N b 2 3 1.0 b 3 4 8 2
Accessories 22 1.9 2.0 3.6 1.6 24 6 16 6 1.9 2 1.4 1.0 7 T T 3.8
Matrix ... 474 31.4 40.1 39.9 37.2 49.4 by 57.2 32,9 36.3 31.5 69.1 32.4 35.9 35.1 143.9 36.2

low-grade metamorphic rocks, and some plutonic
rocks.

Crook (1974) suggested a correlation between the
framework constituents of graywackes and their tec-
tonic setting. He proposed that the three types of con-
tinental margins described by Mitchell and Reading
(1969) have distinct compositional varieties of gray-
wackes associated with them. They are (1) quartz-rich
modern deep-sea sand and ancient graywacke(greater
than 65 percent quartz) that is typical of Atlantie-type
continental margins, (2) quartz-intermediate modern
sand and ancient graywacke (15 to 65 percent quartz)
that typifies trench sediments along Andean-type
margins, and (3) quartz-poor modern sand and ancient
graywacke (less than 15 percent quartz) that is found
along western Pacific margins in trenches external to
volcanie-arc svstems. This work has been substantiated
by Schwab (1975) who included more data from mod-
ern and ancient sands.

The graywacke of the Windsor Township Forma-
tion falls within the quartz-rich field of Crook (1974)
(fig. 16). Graywackes of this classification probably are
derived from a predominantly sedimentary province
containing minor plutonic and low-grade metamorphic
admixtures. The presence of variable amounts of car-
bonate may reflect some input from a carbonate shelf.

The petrographic data, therefore, are consistent
with a cratonic source characterized by sedimentary
rocks, low- to medium-grade metamorphic rocks, and
some plutonic rocks. The mineralogy of the sandstones
suggests an Atlantic-type margin.

AGE AND CORRELATION

The age of the Windsor Township Formation is still
an enigma in spite of recent paleontological studies.
Wright and others (1978, 1979) report a Middle Ordo-
vician (Nemagraptus gracilis zone) age on the basis of
graptolite collections from graywacke and gray-green
shale. Perissoratis and others (1979) report that grap-
tolites from rocks of the Jutland klippe in New Jersey
(see fig. 14), a sequence of rocks lithologically similar
to the limestone, chert, and variegated shale units of

the Windsor Township, range in age from Early
(graptolite zones 2 to 4 of Berry, 1960, 1968) to Middle
(graptolite zones 11 to 12 of Berry, 1960, 1968) Ordovi-
cian.

Bergstrom and others(1972) collected Early Ordo-
vician conodonts from the limestone megaclast (fig.
11) mentioned in the description of the red and green
shale units(p. 10). In addition, these collections contain
a Balto-Scandic fauna, asopposed to a North American
mid-Continent fauna of the coeval Beekmantown Group
(Bergstrom and others, 1972). The Early Ordovician
age is similar to some of the graptolite ages of the
lithologically similar Jutland klippe but does not agree
with the graptolite fauna of the graywacke and gray-
green shale sequence of the Windsor Township For-
mation.

Recent graptolite collections from rocks of the
Weisenberg Member (P.T. Lyttle, oral commun., 1978)
support a Middle Ordovician age (Nemagraptius graci-
liszone) for the gray-green shale and graywacke of the
Windsor Township. In addition, conodonts collected
from limestone associated with several of the chert,
limestone, and variegated shale and mudstone units
are of Early Ordovician age and constitute a Balto-
Scandic fauna. A Middle Ordovician conondont was
recovered from a chert, limestone, and variegated
shale unit (J. E. Repetski, written commun., 1978),
indicating that some of these rocks are coeval with the
rocks of the graywacke-gray-green shale sequence.

These recent data support the age discrepancy
described above and suggest, therefore, that a majority
of thelenticular bodies of limestone, chert, and red and
green shale, generally of Ordovician age, are alloch-
thonous with respect to the Middle Ordovician gray-
wacke-gray-green shale sequence of the Windsor
Township Formation (fig. 17).

Recently, detailed stratigraphic studies at the
western limit of the Hamburg klippe (Root, 1977; Root
and MacLachlan, 1978) have shown that two alloch-
thonous slices are in that area—the Enola allochthon
and the structurally overlying Summerdale alloch-
thon. Rocks of the Enola allochthon, of uncertain age,
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Q
Jackfork Sandstone
Quachita Mountains flysch
Atoka Formation
California Great Valley
sequence
- Pottsville Formation

Overall limit

Main clustering

New Zealand
F

L

FIGURE 16.—Triangular (QFL) plot comparing detrital modes for the New Zealand graywackes, California Great Valley sequence, Black
Warrior Basin (Jackfork Sandstone, Atoka Formation, and Pottsville Formation), and Quachita Mountains flysch (Graham and others,
1975) and those of the present study (black dots). New Zealand and California Great Valley sequence graywackes are derived from a
magmatic arc. The other graywacke suites are cratonic derived. @, mono- and polycrystalline quartz; F, total feldspar; and L, lithic

(rock) fragments.

are characterized by chert, limestone, and variegated
shaleand are quitesimilar, lithologically, to the varie-
gated shale and mudstone units of the Windsor Town-
ship Formation. The Summerdale allochthon, also of
uncertain age, consists of “greenish to medium-gray
shales containing interbeds of calecareous graywacke 5
to 60 em thick” and “arenaceous conglomeratic lime-
stones and subordinate platy limestone” (Root and

MacLachlan, 1978, p. 1521). Root and MacLachlan
recognized the lithologic similarity of the carbonate
rocks of the Summerdale allochthon to the carbonate
rocks associated with the chert and variegated shale
units of the Windsor Township. Therefore, the rocks of
the Summerdale allochthon at the western end of the
Hamburg klippe can be correlated with the rocks of
the Windsor Township of the Greenwich slice.
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bypass margins characterized by a margin atop a cliff
or submarine escarpment. The main difference be-
tween the two modelsisthat, in bypass margins, mate-
rial is transported directly from the shallow-water
shelf to a deepwater environment, thus bypassing a
large part of the slope; in the depositional margin,
however, shallow-water material may not reach the
middle or lower part of the slope because of the gentle
inclination. In addition, the nature of the slope sedi-
ments are, in part, dependent upon whether the
shallow-water margin is formed (1) by lime sands or
(2) by reefs and associated reef material. The rock types
and sedimentary structures indicate that the rocks of
the Onyx Cave Member of the Virginville Formation
were deposited on a depositional margin dominated by
lime and quartz sand. The lack of reef-derived clasts
and fossils and the presence of well-rounded quartz
and carbonate grains support the depositional margin
model, as opposed to the bypass margin model. Other
evidence includes slope-derived carbonate-clast con-
glomerates, massive to graded calearenite, parallel-
and cross-laminated peloidal calcarenite, and slumped
ribbon limestone (fig. 27 and Mecllreath and James,
1978).

Mecllreath and James (1978) pointed out that none
of the slope facies are mutually exclusive, and, assuch,
the rocks of the Onyx Cave Member may have origi-
nated on a depositional margin characterized, in part,
by reefs. In this case, the reef-derived material would
not have traveled far enough downslope to become
incorporated in the rocks of the Onyx Cave or Moselem
Members. Nevertheless, the main body of evidence
points to a margin characterized by lime and quartz
sand and not reefs.

Analysis of the Moselem Member suggests that
the Moselem can be interpreted as a toe-of-slope facies
and probably a distal equivalent of the Onyx Cave
Member (fig. 27), although the Moselem is now in fault
contact with the latter. In addition, the Moselem
probably interfingers with the Onyx Cave, as sug-
gested by the presence of rock types common to each
unit. Local slumped horizons and carbonate-clast con-
glomerates in the Moselem attest to a lower slope or
toe-of-slope environment, although movement can
occur on slopes as low as 4° (Lewis, 1971).

The carbonate rocks of the Virginville Formation
were deposited by several different depositional
mechanisms. Hemipelagic sedimentation and dilute
turbidity currents probably resulted in deposition of
the ribbon limestone. The rhythmic sequences of lime
mudstone and black shale are suggestive of deposition
by turbidity currents (Wilson, 1969). The sequences
may be overbank levee deposits associated with the
emplacement of the thick calcarenites and carbonate-
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clast conglomerates.

The random orientation of clasts, clasts “floating”
in matrix, poor sorting, and lack of grading are sug-
gestive of some type of viscous debric flow mechanism
(Johnson, 1970; Cook and Taylor, 1977; Hampton,
1972). In addition, plug flow (Johnson, 1970; Shanmu-
gan and Benedict, 1978) is indicated by the clasts that
project through the top of beds.

Recently, Krause and Oldershaw (1979) have de-
veloped a two-layer sediment gravity flow model to
explain the presence of turbidite caps on conglomerate
beds. The few conglomerate beds of the Onyx Cave
Member that are capped by turbidites can be classi-
fied as stratified disorganized beds and are interpreted
to result from deposition farther downslope than the
beds that lack the turbidite caps (Krause and Older-
shaw, 1979) or the disorganized beds. Hampton (1972)
and Krause and Oldershaw (1979) attribute the strati-
fied cap to turbidity currents that develop on top of the
main mass of sediment. Material in front of the flow is
sheared backwards and on top of the moving mass
creating turbulence.

The conglomerates probably result from transla-
tional and rotational slides (Cook, 1979). The lack of
the turbidite caps on the majority of conglomerates
suggests that the sediment mass did not move far from
its source. The local origin of the conglomerates is
further supported by the clasts being of deepwater
rather than shallow-water carbonate rocks. The im-
portance of this relation was noted by Cook and Taylor
(1977). Thus, the carbonate-clast conglomerates prob-
ably originated in a slumped interval in which the
sediment shear strength was exceeded, causing the
mass to become mobile, break up, and become a debris
flow. Although all clasts are locally derived. no con-
glomerate could be traced backward to an obvious
slump or slide.

The mechanism of deposition of the planar- to
current-ripple-laminated black shale and yellow-
orange dolostone and calcisiltite is not fully under-
stood but may be the result of contour-following cur-
rents that redistributed previously deposited material.

The carbonate rocks were apparently deposited
by a continuum of depositional mechanisms that were
in operation on the slope. That is, the mechanisms
were operating together such as do dilute turbidity
currents related to emplacement of massive grain
flows. or in opposition, such as do contour currents
reworking and redistributing detritus deposited by
dilute turbidity currents and debris flows.

Insummary, then, the Sacony Member of the Vir-
ginville Formation was deposited in a low energy sili-
ciclastic basin below wave base. The transition of the
Sacony Member to the Onyx Cave Member, the slope
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Onyx Cave Member

Sacony Member

ONYX CAVE AND MOSELEM MEMBERS

Ribbon limestone

5.0 -
©

r Slumped hemipelagic rocks

5.7 .
(] Limestone conglomerate

Black and green hemipelagic mudstone and argillite

Graded to massive calcarenite

NW

Moselem Member

SACONY MEMBER

Siliciclastic rocks
Shale and mudstone

FIGURE 27.—Facies diagram for the Sacony, Onyx Cave, and Moselem Members of the Virginville Formation. Stratigraphy is idealized and
isinno way intended to imply specific horizon locations or thickness; the diagram is meant only to illustrate the proposed distribution of

rock types.

facies, indicates the development and progradation of
a carbonate shelf and slope. This slope is interpreted as
a depositional rather than a bypass slope.

PALEOGEOGRAPHY

The facing direction of the slope recorded by the
rocks of the Virginville Formation is not known for

certain. Some information concerning the direction of
slope can be obtained by analysis of slump folds in the
Onyx Cave Member and tectonic folds along the fault
separating the Onyx Cave and Sacony Members from
the Moselem Member.

The orientation of fold axes, axial planes, and
bedding in slumped rocks has been used to determine
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C. Blackriveran. As the North American plate approached the
trench, it was flexed upward resulting in rapid uplift and ero-
sion of the shelf carbonates at the southeastern margin of the
North American craton. Clastic sediments of the Greenwich

(o

NW Lehigh Valley

sequence Black River hiatus

slice continued to be supplied from a northeasterly source. These
sediments (clastic rocks stratigraphically overlying older pelagic
sediments) were accreted onto the hanging wall of the trench. The
Greenwich slice is part of this accretionary prism.

SE
SEA LEVEL

Accretionary prism Richmond

Lehigh Valley
Black River hiatus sequence
D Lehigh Valley Jacksonburg
sequence, Limestone North American flank SEA LEVEL

D. Rocklandian-Kirkfieldian. Rocklandian to Kirkfieldian time was
characterized by deposition of the Jacksonburg Limestone dur-
ing rapid basin subsidence. This concept is supported by the
lithostratigraphic changes from the “cement-limestone” facies
tothe “cement-rock” facies of the Jacksonburg and by the transi-
tion from the shallow, warm-water North Atlantic province
conodont fauna at the base of the Jacksonburg to the deep,
cold-water North Atlantic fauna at its top. The basin probably
formed by normal faulting in response to “trench suction”
(Elsasser, 1971) rather than by tectonic loading at the continen-

Reactivated basement fault

Richmond. slice

Martinsburg

Formation,  Greenwich

Rocklandian-
Kirkfieldian

tal margin. Deposition of the clastic rocks of the Martinsburg For-
mation was probably initiated at the end of Kirkfieldian time (all
contacts are probably time transgressive). By this time, subduction
had ended, and the closure of the Jacksonburg-Martinsburg basin
was probably accomplished by reactivation of the early formed
normal faults into thrust faults. The nappes of the Pennsylvania
Great Valley and New Jersey were probably formed in this manner.
After the Hamburg klippe was emplaced, it became a passive rider
onthestacked nappe sequence. At this time of extreme compression,
the Richmond slice was emplaced onto the Greenwich slice.

FIGURE 34.—PLATE TECTONIC MODEL FOR THE HAMBURG KLIPPE—Continued
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E. Edenian. By Edenian time, the uplifted area related to the pro- tion. This uplift occurred as the tectonic wave was built up by the
posed collision at the New York Promontory had migrated accretion of basement rocks and overlying miogeoclinal sequences
laterally and closer to the Martinsburg basin of southeastern (nappes). The nappes continued to move by reactivation of the early
Pennsylvania and was now supplying the coarse clastic sedi- formed normal faults into thrust faults, and the basin continued to
ment of the Ramseyburg Member of the Martinsburg Forma- close.
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F. Early Maysvillian. By Maysvillian time, tectonic movement had  Pen Argyl contains structures typical of muddy, slow-moving, low
slowed significantly. The source area was now lowered, and the  concentrate turbidity current deposits, as described by Stow and
more compositionally mature clastic rocks of the Pen Argyl Shanmugam (1980), that suggest the progradation of a muddy
Member of the Martinsburg Formation were deposited. The  shoreline.

FIGURE 34.—PLATE TECTONIC MODEL FOR THE HAMBURG KLIPPE—Continued
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Early Ordovician shallow-water carbonate rocks of
the Beekmantown Group.

Closing of the marginal basin was accomplished
by southeast-dipping subduction beneath the micro-
continent. Subduction, which was probably initiated
in early Early Ordovician time, resulted in the found-
ering or depressing of the carbonate shelf (fig. 34B).
Evidence for foundering of the lower Paleozoic North
American shelf has been documented in Newfound-
land by Stevens (1970) and also may be documented in
rocks of the Lebanon Valley sequence of the central
Appalachian Great Valley. MacLachlan and others
(1975) noted that, in the Lebanon Valley west of Wom-
elsdorf, Pa., the uppermost Ontelaunee Formation
is overlain conformably or paraconformably by the
Annville limestone, a high-calcium limestone unit,
of definite Chazyan age. The change from almost pure
dolomite of the Ontelaunee to the high-calcium
limestone of the Annville may represent a transgres-
sive period that resulted from foundering of the shelf.
Therefore, progradation of the shelf seems to have
continued until at least Whiterockian time and proba-
bly into Chazyan time. Progradation was followed by a
period of transgression that resulted from foundering
of the shelf in response to subduction and by deposition
of rocks such as the high-caleium Annville Formation.

The style of deformation of the Greenwich slice of
the present study and of the Summerdale allochthon of
the western end of the klippe suggests that these rocks
were deformed in a subduction complex and, there-
fore, represent trench sediments (fig. 34 B). Paleogeo-
graphic reconstructions based upon the stacking order
of thrust sheets have been documented from numerous
areas (Williams, 1975; Elliot, 1976) and may be applied
to the rocks of the Hamburg klippe. If northwest
transport during closing of the marginal basin can be
assumed, the stacking order of the slices in the western
end of the Hamburg klippe suggests that the abyssal
sediments of the Enola allochthon were northwest of
the rocks of the Summerdale allochthon and, by corre-
lation, the Greenwich slice. In other words, the abyssal
sediments were deposited to the northwest of the sub-
duction zone.

Sparse directional paleocurrent data evince both
northwesterly and southeasterly sources, but, as stated
earlier, analysis of slump folds supports a predomi-
nantly southeasterly source, possibly the microconti-
nent. Despite this evidence, some of the detritus may
represent second-cycle sediments originally deposited
as continental slopes and rise sediments adjacent to
the southeast-facing shelf.

As subduction continued, the older abyssal sedi-
ments, represented by the bodies of red and green
shale and accompanying rocks, became detached from

the underlying plate and slid into the trench. Moore
(1975) maintains that physical properties such as den-
sity and yield strength of clastic sediments (that is,
hemipelagic and pelagic mud and red and brown
clays) and the underlying biogenic sedimentary unit
diverge with time; however, the same physical proper-
ties of the biogenic unit and the underlying upper
basaltic layer of oceanic crust converge. This differ-
ence is significant in that the low density of the clastic
sediments and resultant relative buoyancy would tend
to favor the incorporation of these sediments into the
trench sediments at shallow levels, presumably by
slumping or sliding along a decollement separating
the physically contrasting units (Moore, 1975). As the
abyssal sediments approached the trench, the more
buoyant red and green mudstone and shale units
became detached and were incorporated into the shal-
low levels of the trench sediments in a manner similar
to that described above. The great amount of soft sed-
iment deformation in some of these units attests to
slumping and sliding during emplacement. Following
emplacement of these units, the rocks were severely
sheared and strained resulting in the tectonic mélange
style of deformation.

Root and MacLachlan (1978) maintain that the
Enolaand Summerdale allochthons were closely asso-
ciated and were likely emplaced together from the
same general source. Their assertion appears likely in
that during subduction a large mass of pelagic sedi-
ments represented by the Enola allochthon became
detached from the underlying plate along the décolle-
ment separating the younger clastic sediments from
the underlying units. This slice was accreted to the
trench sediments, and the entire mass moved as a unit.
It is possible, but difficult to prove at the present level
of erosion, that detachment and aceretion occurred
several times prior to emplacement of the klippe onto
the shelf. The majority of turbidite and grain flow
deposits, as well as the olistoliths of pelagic and
hemipelagic sediments, were emplaced during Chaz-
yvan time, essentially concomitant with foundering of
the shelf.

As the North American craton approached the
trench, the inability of the buoyant continental erust to
subduct beneath the microcontinent resulted in uplift
of the continental margin. Erosion of the shelf and
continental margin rocks acecompanied uplift and is
evidenced by the Black River hiatus in the Lehigh
Valley sequence (see fig. 2) and the Lebanon Valley
sequence that is somewhat different from the tectoni-
cally lower Lehigh Valley sequence (MacLachlan and
others, 1975). The lack of a well-defined Black River
hiatus in the Cumberland Valley sequence (Root, 1977,
fig. 2), the tectonically lowest and probably the least
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traveled sequence in the Pennsylvania Great Valley,
indicates that the area of the shelf defined by the car-
bonate rocks of this sequence was not uplifted but,
instead, remained submerged and developed an almost
uninterrupted stratigraphic sequence. Therefore, the
farther northwest one moves from the tectonic welt or
arch, thesmaller the unconformity becomes, until con-
formable or paraconformable relations are realized.

Uplift and erosion of rocks of the Beekmantown
Group are evidenced by the presence of dolomite
clasts, presumably derived from the Ontelaunee For-
mation of the Beekmantown Group, within the lower
unit, the “cement limestone” facies, of the Jackson-
burg Limestone in New Jersey (Drake, 1969) and the
Hershey Limestone, a unit which closely resembles the
upper “cement rock” facies of the Jacksonburg (Mac-
Lachlan, 1967), near Myerstown, Pa. (MacLachlan
and others, 1975). The presence of the basal calcirudite
unit containing clasts of Beekmantown-type dolomite
indicates that uplift of the continental margin was in
progress by Rocklandian time, concomitant with depo-
sition of the Jacksonburg Limestone. The change from
the relatively shallow-water “cement limestone” facies
to the deeper water “cement rock” facies of the Jack-
sonburg Limestone of the Lehigh Valley sequence
indicates that the basin continued to deepen during
Rocklandian and Kirkfieldian time. Deposition of the
deepwater psammitic-pelitic Martinsburg Shale fol-
lowed.

The inability of the North American Continent to
subduct beneath the microcontinent retarded and
eventually stopped subduction and locked the two
plates. As stress built up along the contact of the two
plates, detachment of wedges or slabs of basement
rock and associated miogeoclinal rocks occurred (fig.
34D). The detached basement represents the cores of
the carbonate nappes of the Pennsylvania Great Val-
ley. Because the Jacksonburg Limestone was involved
in nappe formation (Drake, 1978), detachment and
imbrication probably started somewhat after deposi-
tion of the Jacksonburg, possibly in Late Blackriveran
to Kirkfieldian time.

The tectonically telescoped and thickened conti-
nental crust resulted from large-scale underthrusting
and imbrication of slabs or wedges of cratonic base-
ment on easterly inclined faults or ductile shear zones
(fig. 34D). Detachment of basement wedges during
collisional tectonics has been described from the
northern Appalachians by Stanley and Rateliffe (1979)
and Ratcliffe (1979). At this time of extreme telescop-
ing, the Richmond slice (consisting of carbonate-slope
rocks of the eastern microcontinent) probably was
emplaced upon the Greenwich slice, which had become

part of a massive wedge of basement, miogeoclinal,
and eugeoclinal rocks.

Following the aborted subduction of the continen-
tal margin inlate Blackriveran time, southeast-dipping
subduction may have started to the southeast of the
microcontinent. The continued southeast-dipping sub-
duection probably contributed to the thrust emplace-
ment of the Richmond slice and to further telescoping
of the North American continental margin. The amount
of time required to close the marginal basin that
separated the North American Continent from the
microcontinent as determined by the age of the trench
sediments of the Windsor Township Formation is
approximately two graptolite zones, an amount of
time equal to that suggested by Chapple (1973) for a
similar model for the northern Appalachians.

Continued convergence drove the wedge of accreted
rocks up the basal slope that had been created by
subduction of the North American Continent. Elliot
(1976) and Wiltscko (1979) maintain that thrust sheets
can move up basal slope as long as sufficient surface
slope has developed within the thrust sheet itself. The
mass will move in the downdip direction of the surface
slope even if this means moving up basal slope. Once
the wedge of basement, miogeoclinal, and eugeoclinal
rocks built up sufficient surface slope, probably by
shortening in the back of the wedge, it was able to
move up the basal slope.

The massive wedge of thickened continental crust
and rocks of the Hamburg klippe continued to move
throughout late Middle Ordovician time and caused
further depression of the shelf. Rocks of the Martins-
burg Formation were deposited in a clastic wedgeina
foredeep in front of the wedge of accreted rocks (fig.
34D, E). The entire Martinsburg appears to have been
involved in nappe formation to some extent, which
suggests that the nappes continued to “form” into
Maysvillian time (see fig. 34 F)). The nappes continued
to develop by movement along thrust faults separating
each of the basement-cored nappes.

The Hamburg klippe may have become detached
from the underlying nappes and may have slid in
advance of them into the Martinsburg basin (fig. 34 £).
The mixed allochthonous-autochthonous terrane in
the vicinity of Harrisburg, Pa., attests to the subaque-
ous gravity sliding mechanism for the emplacement of
the Hamburg klippe into the Martinsburg basin. The
ageof the final emplacement of the klippe is not known.
The matrix of the wildflysch at the western end of the
klippe has not been dated, and there is no wildflysch at
the eastern end despite previous reports (Alterman,
1972). If there were wildflysch at the eastern end, it
has been removed by faulting or is not exposed at the
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present level of erosion.

Wright and Stevens (1978) suggest that the alloch-
thons were emplaced during the lower Diplograptus
multidens graptolite zone. This emplacement seems
impossible if the minimum age of the Jacksonburg
Limestone is early Rocklandian. Emplacement of the
allochthons into the Martinsburg basin during lower
Diplograptus multidens time would require uplift of
the continental margin, detachment of basement and
resultant nappe formation, and deposition of the Jack-
sonburg Limestone and a certain thickness of rocks of
the Martinsburg Formation within a very short time.
A more likely time of emplacement by analogy with
the emplacement of the Normanskill Formation of
New York State (Rickard and Fisher, 1973) and the
Taconic klippe of New England (Zen, 1967) is the O.
Reudemanni graptolite zone or late Sherman Falls,
although direct evidenceislacking. The true ageof the
final emplacement of the Hamburg klippe will not be
known until datable fossils are obtained from wild-
flysch associated with the allochthons.

Finally, as motion of the two plates slowed and
eventually stopped, post-Maysvillian slow heating and
uplift resulted in the unconformity separating the
Taconides of the Great Valiey and the Alleghanides of
the Valley and Ridge (Drake, 1980). Late Alleghanian
thrusting, such as that described by Root (1977) and
Root and MacLachlan (1978), from the western end of
the klippe and the Kutztown thrust of the eastern end
continues to move the nappes of the Reading Prong
nappe megasystem to the northwest over the klippe
rocks.

A modern analogy of the proposed model exists in
the vicinity of Timor Island north of Australia. Timor
Island, located in the outer Banda Arc(Hamilton, 1977,
1979; Von der Borch, 1979), consists of a chaotic com-
plex of highly deformed and imbricated rocks and was
interpreted to be a tectonic mélange by Fitch and
Hamilton (1974) and Hamilton (1979). Seismic profiles
of the island indicate a wedge-shaped morphology
(Von der Borch, 1979) that thins to the south. Deep-sea
drilling in the Timor Trough (Hamilton, 1977) south of
Timor shows that shallow-water carbonate rocks of the
Australian shelf underlie the trench fill and indicates
foundering of the shelf. Foundering of the Australian
shelf and attendant block faulting has been attributed
to subduction of the continental margin beneath the
Banda Arc (Crostella, 1977; Hamilton, 1979). The
chaotic rocks of Timor Island, therefore, are consid-
ered to be part of an accretionary prism of trench,
shelf, and crystalline rocks that moved with the upper
plate (Hamilton, 1979) during subduction of the Aus-
tralian shelf and basement.

Although obvious differences exist, the proposal
model and the present-day tectonics of the Timor-
Tanimbar area are grossly similar. The mélange rocks
of the Greenwich slice are similar in style of deforma-
tion and stratigraphy to the mélangeon Timor Island.
In addition, the crystalline cores of the nappes of the
Reading Prong nappe megasystem are represented on
Timor Island by slabs of what appear to be Australian
basement. Future research on the rocks of the Great
Valley will undoubtedly clarify certain points of the
proposed model and help to refine our ideas of the
early Paleozoic plate tectonics of the central Appa-
lachians.

CONCLUSIONS

Taconic-type klippen such as the well-known ex-
amples from the northern and maritime Appalachians
also have been described from the central Appala-
chians. The Hamburg klippe of Stose (1946) consti-
tutes one such body in the Great Valley of eastern
Pennsylvania. The eastern end of the allochthon was
mapped in the Kutztown and Hamburg 7%-minute
quadrangles and surrounding areas.

This mapping has led to the recognition of two
stratigraphically and structurally different slices.
The lower Greenwich slice consists of rocks of the
Windsor Township Formation (6,215 m), a flysch se-
quence that contains various sized bodies of chert,
limestone, and variegated shale and boulder conglom-
erate. The rocks of the Windsor Township are subdi-
vided into three members: (1) the Dreibelbis, a se-
quence of interbedded graywacke and gray-green
shale, siltstone, and mudstone, (2) the Weisenberg, a
gray-green shale unit that contains local lenses of poly-
mict conglomerate, and (8) the Switzer Creek, a con-
glomeratic graywacke-gray-green-shale unit. The
lenticular hodies of chert, limestone, and variegated
shale and mudstone are not restricted to a particular
member but occur throughout the formation and,
therefore, have little regional stratigraphic signifi-
cance. Graptolites collected from the flysch sequence
of the Windsor Township yield Middle Ordovician
(Nemagraptus gracilis zone) ages, whereas conodonts
from the carbonate rocks of the bodies of red shale and
associated rocks yield Early Ordovician (Arenigian)
ages. Therefore, a definite age discrepancy exists
between the two types of rock within the Windsor
Township Formation.

Sedimentologic analysis of the flyschoid rocks of
the Windsor Township Formation suggests that the
rocks can be classified into one of four turbidite facies
described by Mutti (1977) in his study of a flysch



36 RICHMOND AND GREENWICH SLICES OF THE HAMBURG KLIPPE IN EASTERN PENNSYLVANIA

sequence from the Spanish Pyrenees. These are (1) the
channel-margin facies characterized by thick, massive
(T, T.. partial Bouma sequences) graywacke beds
locally interbedded with the T.. partial Bouma se-
quence and very thick intervals of siltstone and mud-
stone, (2) the channel-axis facies characterized by
monotonous sequences of thick, massive (T, T..)
graywacke sandstone, (3) the interchannel facies
characterized by sequences of bundles of T... partial
Bouma sequences intercalated with mudstone and
siltstone, and (4) levee and overbank deposits charac-
terized by mudstone and shale, locally slumped. The
Dreibelbis Member contains rocks of the channel-
margin, channel-axis, and interchannel facies, where-
as most rocks of the Switzer Creek Member appear to
be typical of the channel-axis facies. The Weisenberg
Member appears to be a good example of levee and
overbank mudstone and siltstone deposits. These rocks
were probably deposited in the middle-fan area of a
large submarine fan from a source to the southeast.
The activity of the channels in the fan is evidenced by
the intercalated nature of channel-axis and inter-
channel facies rocks. This sediment mixing suggests
that the channels were meandering freely rather than
being incised into the fan mud as would be expected in
the upper parts of the fan. The older lenticular bodies
of chert, deepwater limestone, and variegated shale
were apparently deposited in an abyssal environment
that received periodic influxes of terrigenous material.
They were later emplaced into the younger fan deposits.

The upper Richmond slice contains rocks of the
Virginville Formation (565 m thick) and is divided
into three members. (1) The Sacony (245 m thick) con-
sists of olive-green siltstone and shale. (2) The Onyx
Cave (90 m thick) consists of massive to laminated
calcarenite, ribbon limestone, massive carbonate-clast
conglomerate, and interlaminated black shale and
orange dolostone. (3) The Moselem (230 m thick) con-
sists of well-cleaved argillite and mudstone and lesser
proportions of ribbon limestone and carbonate-clast
conglomerate. The limited amount of faunal evidence
from these rocks suggests a Late Cambrian to Early
Ordovician age. The sedimentology and stratigraphy
of these rocks suggest that (1) they were deposited low
on a northwest-facing depositional slope and (2) the
Moselem Member is a distal equivalent of the Onyx
Cave Member. The data suggest that the rocks of the
Virginville were deposited on a northwest-dipping
depositional slope, probably adjacent to a shallow-
water carbonate shelf to the southeast. Subsequent
thrusting juxtaposed the Sacony and Onyx Cave on top
of the Moselem.

The rocks of the Hamburg klippe have been
deformed by three phases of folding. In addition, the

Greenwich slice illustrates the effects of an earlier
phase of deformation not present in the rocks of the
Richmond slice. The rocks of the Greenwich slice
exhibit a chaotic style of deformation characterized by
pinch-and-swell and pull-apartstructures. These rocks
lack the well-developed slaty cleavage typical of litho-
logically similar rocks in the surrounding parautoch-
thonous Lehigh Valley sequence.

First-phase deformation is typified by eastnorth-
east-eastsoutheast-trending folds. A slaty cleavage is
axially planar to these folds in the Lehigh Valley
sequence and in the incompetent rocks of the Richmond
slice, but slaty cleavage is almost totally absent from
rocks of the Greenwich slice. Second-phase deforma-
tion is characterized by northeast-trending strain-slip
and fracture cleavage and minor folds and is well
displayed in all rocks of the allochthon. Finally, third-
phase deformation is not well developed, but the struc-
tures that appear to be related to this deformation
trend eastnortheast. This deformation can be distin-
guished from the first phase only where cross-cutting
relations exist.

A conceptual plate tectonic model for the lower
Paleozoic section of the central Appalachians has been
developed. The model synthesizes structural, sedi-
mentologie, and stratigraphic data of the present
study with interpretations and conclusions of other
geologists who have worked inthe central Appalachian
Great Valley. The proposed model explains the distri-
bution of the allochthonous and parautochthonous
rocks in the Great Valley in terms of the present-day
tectonics of the Banda Sea north of Australia.

Late Proterozoic rifting resulted in the formation
of a basinseparating the North American cratonand a
microcontinent to the southeast. The microcontinent
may be represented by such basement complexes as
the Fordham Gneiss and Baltimore Gneiss terranes.
From Early Cambrian to Early Ordovician time, a
stable carbonate platform was established on the
North American craton as evidenced by the Frederick
Valley sequence of Maryland and the parautochthonous
carbonate rocks of the Pennsylvania Great Valley.
Formation of a carbonate platform on the microconti-
nent isillustrated by the Setters Formation and Cock-
eyville Marble overlying basement rocks of the Balti-
more Gneiss (Thomas, 1977). The Virginville Forma-
tion, therefore, may represent Upper Cambrian to
Lower Ordovician slope and lower slope rocks that
were deposited basinward of a carbonate shelf on the
microcontinent. Deposition of the deepwater olistoliths
of chert, limestone, and variegated shale and mudstone
of the Windsor Township Formation occurred con-
comitant with Early Ordovician shelf deposition of the
Beekmantown Group.
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Subduction of the North American Continent prob-
ably began in early Early Ordovician time. Chazyan
foundering of the shelf in response to subduction
resulted in transgression characterized by deposition
of high-caleium limestone such as the Annville Lime-
stone. The trench sediments of the Windsor Township
Formation were deposited in the middle-fan area of a
large submarine fan. A southeasterly source for these
sediments suggests that the fan was adjacent to the
microcontinent. Trench sedimentation and mélange
deformation evidenced by the rocks of the Greenwich
slice oceurred during Chazyan time and was coeval
with foundering of the North American shelf. As sub-
duction continued, the chert, limestone, and variegated
shale and mudstone units were detached from the
subducting plate by the process of selective subduection
and incorporated into the progressively deforming
trench sediments.

Asthe North American Continent approached the
trench, the continental margin was uplifted as a result
of the aborted subduction of the buoyant continental
material, and the plates became locked. Erosion of the
shelf sediments in response to uplift produced the
Black River hiatus. Deposition of the Jacksonburg
Limestone to the northwest of the tectonic welt indi-
cates that uplift and erosion were in progress by Rock-
landian time. Continued uplift resulted in the transi-
tion from the shallow-water “cement limestone” facies
to the deeper water “cement rock” facies.

The inability of the North American craton to be
subducted beneath the mierocontinent resulted in late
Blackriveran to Kirkfieldian underthrusting and de-
tachment of slabs of cratonic basement on easterly
inclined faults. These slabs of basement and associated
miogeoclinal rocks are represented by the carbonate
nappes inthe Lehigh and Lebanon Valleys. Continued
convergence from the southeast, possibly as a result of
a shift from southeast-dipping to northwest-dipping
subduction southeast of the mierocontinent, resulted
in the thrust emplacement of the Richmond slice onto
the Greenwich slice by Edenian time.

Sediments of the Martinsburg Formation were
shed from the northwestward-advancing wedge of
basement, miogeoclinal, and eugeoclinal rocks in a
foredeep. As the wedge continued to move, the alloch-
thons became detached from the underlying carbonate
nappes and slid intothe Martinsburg basin in advance
of the nappes. This may have occurred in late Sher-
manian time although direct evidence is lacking.
Nappe formation continued into Maysvillian time by
thrusting along faults separating each of the basement-
cored carbonate nappes.

As motion between the two plates ceased, heating
and uplift occurred in Maysvillian and Richmondian

time and resulted in the post-Martinsburg deposition
(Hudson Valley) unconformity. Later Alleghanian
thrust faulting further telescoped the nappes (Drake,
1978) and translated them over the rocks of the Ham-
burg klippe.
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